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Abstract Microbial fuel cell (MFC) is a novel environmental friendly energy device which has
received great attention due to its technology for producing electricity directly from organic or
inorganic matter by using bacteria as catalyst. To date, many experiments have been carried out
to achieve the maximum power output with advective ﬂow through porous anode to the cathode
in the MFC. However, the precise mechanical mechanism of ﬂow through anode and the quantiﬁed
relationship between electrode spacing and MFC performance are not yet clearly understood. It has
been found experimentally that the power output can be increased apparently at certain electrode
spacing conﬁguration. Based on these available experimental data, this paper investigates the eﬀect
of spacing between electrodes, the Darcy number of porous anode and the Reynolds number on the
power production performance of MFC by using lattice Boltzmann method. The numerical simulation
results present that the distance between electrodes signiﬁcantly inﬂuences the ﬂow velocity and
residence time of the organic matter attached to the anode in the MFC. Moreover, it is found that
the Darcy number of porous anode and the Reynolds number can regulate the output eﬃciency of
MFC. These results perform better understanding of the complex phenomena of MFC and will be
helpful to optimize MFC design. c© 2012 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1202203]
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Microbial fuel cell (MFC) is a novel environmental
friendly energy device which converts chemical energy
contained in organic compounds to electrical energy by
using microorganism as a biocatalyst.1 In the MFCs,
the electrons generated by the bacteria ﬂow from the
porous anode to the cathode by the external circuit.
The electrons typically combine with protons and oxy-
gen to form water on the cathode. To date, the MFCs
have received great attention due to their potential ap-
plications in many ﬁelds, such as biosensors, bio-robots,
bio-catalyzed H2, and renewable energy generation.
2–4
In addition, one of the main applications for MFCs is
the wastewater treatment, since it is possible to simul-
Fig. 1. Schematic view of the 2D MFC model.
a)Corresponding author. Email: ysyou@zjnu.cn.
taneously harvest much electricity while treating the
wastewater.5–7
Practical applications for wastewater treatment re-
quire continuous ﬂow operation, and many new types
of systems are being proposed for continuous operation.
Liu et al.8 got a maximum power density of 26 mW/m2
by using domestic wastewater in a single-chamber sys-
tem. Min et al.9 achieved a maximum power density of
212 mW/m2 with glucose and 72 mW/m2 with wastew-
ater in a continuous ﬂow mode by laying the electrodes
on each side of the polymeric proton exchange mem-
brane (PEM). Recently, it has been found that the max-
imum power output by an air-driven cathode MFC for
glucose and domestic wastewater would increase when
the PEM was removed and the reactor was operated un-
der a continuous advective ﬂow condition.10 Moreover,
it has been shown that the MFC performance was re-
lated to the spacing between the cathode and porous an-
ode. When the electrodes distance was decreased from
3 to 1 cm, the maximum power density of MFC would
increase from 826 to 1 540 mW/m2. Although the ex-
perimental phenomenon is clear, the precise mechanical
mechanism of ﬂuid in the MFC and the inﬂuence of
characters of electrodes on MFC performance are not
yet clearly understood. Therefore, the objective of this
paper is to numerically investigate the eﬀect of spacing
between electrodes, the Darcy number of porous anode
material and the Reynolds number for ﬂow velocity on
power output performance in a two-dimensional (2D)
MFC model with advective ﬂow through the anode to-
ward the cathode. As a computational ﬂuid dynamic
method, the lattice Boltzmann method is an eﬀective
and eﬃcient numerical scheme for simulating ﬂuid ﬂows
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Fig. 2. Streamlines in the MFC.
Fig. 3. Comparison of velocity distribution at both sides of porous anode for diﬀerent spacing between electrodes. (a) and
(c): Left side of the anode. (b) and (d): Right side of the anode.
in porous media11 and isothermal incompressible ﬂow
through porous media12 to analyze the performance of
the MFC.
The schematic view of the 2D MFC model is shown
in Fig. 1. The porous anode is ﬁxed at 2 cm away from
the entrance wall. The spacing between the anode and
cathode is varied to study the eﬀect of the electrode
distance on the MFC performance. The incompressible
leachate in garbage enters the MFC from the inlet and
passes through the porous anode and ﬁnally leaves from
outlet.
The governing equations of the Navier-Stokes model
for ﬂuid in porous medium are
∇ · u = 0, (1)
∂u
∂t
+ u · ∇
(u
ε
)
= −∇(εp) + υe∇2u+ F , (2)
where u is the volume-averaged velocity, p is the pres-
sure, ε is the porosity of the porous media, υe is the
eﬀective viscosity determined by υe = c
2
s(τ − 0.5)Δt,
and F represents the total force given by
F = −ευ
K
u− εFε√
K
|u|u+ εG, (3)
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Fig. 4. Comparison of the distribution of residence time for
diﬀerent spacing between electrodes.
where υ is the kinematic viscosity of the ﬂuid, and G
is the body force. The geometric function Fε and the
permeability K can be expressed as13
Fε =
1.75√
150ε3
, K =
ε3d2p
150(1− ε)2 , (4)
where dp is the diameter of the solid particles.
The liquid ﬂow governed by Eqs. (1) and (2) is char-
acterized by three non-dimensional parameters: Darcy
number Da, viscosity ratio J , and Reynolds number
Re, which are deﬁned as: Da = K/L2, J = υe/υ, and
Re = LU/υ, respectively, where U is the velocity and
L is the characteristic length.
The lattice Boltzmann equation for porous ﬂow can
be expressed as
fi(x+ eiΔt, t+Δt) = fi(x, t)−
fi(x, t)− fieq(x, t)
τ
+ FiΔt, (5)
where fi(x, t) is the volume-average density distribution
function for the particle with velocity ei at position x
and time t, τ is the non-dimensional relaxation time,
and Δt is the time increment. The volume-average equi-
librium distribution function fi
eq
(x, t) is deﬁned as
fi
eq
= ωiρ
[
1 +
e · u
c2s
+
uu : (eiei − c2sI)
2εc4s
]
, (6)
where ωi is the weight with the values ω0 = 4/9, ωi =
1/9 for i = 1–4, and ωi = 1/36 for i = 5–8. Here,
c = Δx/Δt is the lattice speed with cs = c/
√
3.
The force term Fi in Eq. (5) that accounts for the
total force due to the presence of the porous medium
and buoyancy eﬀect is given by
Fi = ωiρ
(
1− 1
2τ
)[
ei · F
c2s
+
uF : (ei · ei − c2sI)
εc4s
]
.
(7)
Based on the D2Q9 lattice Boltzmann model, the
discrete velocities ei are
ei =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
0, i = 0,
[
cos
(
i− 1
2
π
)
, sin
(
i− 1
2
π
)]
,
i = 1− 4,
√
2
[
cos
(
2i− 1
4
π
)
, sin
(
2i− 1
4
π
)]
,
i = 5− 8.
(8)
The volume-averaged density and velocity are deﬁned
as
ρ =
∑
i
fi, u = v
/(
c0 +
√
c20 + c1 |v|
)
. (9)
The three parameters c0, c1, and v in Eq. (9) are
given by
c0 =
1
2
(
1 + ε
υΔt
2K
)
, c1 = ε
FεΔt
2
√
K
,
v =
∑
i
fi
ei
ρ
+
Δt
2
εG. (10)
The porous anode is ﬁxed at 2 cm against the en-
trance wall, and the distance between the cathode and
anode is varied from 1 to 3 cm. The continuous leachate
ﬂows through the porous anode to the cathode. The
calculations are carried out to study the eﬀect of the
spacing between electrodes under advective ﬂow condi-
tions.
Figure 2 shows the streamlines in the MFC at x = 1
to 3 cm. Figure 3 illustrates the comparison of velocity
distribution along the vertical line of the both sides on
porous anode for diﬀerent spacing between electrodes.
At x = 1 cm in which the power density achieved max-
imum in experiment, the horizontal velocity proﬁles on
both sides are skewed toward the outlet. When we in-
crease the spacing to x ≥ 2 cm, the velocity proﬁles are
almost symmetric. Simultaneously, the vertical veloci-
ties on both sides reach to the maximum at the opti-
mized spacing x = 1 cm. It indicates that the higher
vertical velocity would be better to enhance the power
density. The comparison of the residence time for diﬀer-
ent spacing between electrodes is also shown in Fig. 4.
The average time at spacing x = 1 cm is higher than
that at spacing x = 2 and 3 cm. Therefore the organic
substance in wastewater can be highly decomposed by
the microorganisms attached to the anode. The perfor-
mance of the power generation can be improved when
the spacing decreases.
It is well known that wastewater across the anode
reacts with the microorganisms attached to the anode.
It is important to investigate the inﬂuence of the an-
odic characters such as surface area, surface roughness
and pore volume on the performance of MFC, because
the anode serves as a carrier for the microorganisms.
Darcy number is an important parameter for the porous
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Fig. 5. Comparison of velocity distribution for diﬀerent Da values at both sides of porous anode for diﬀerent spacing
between electrodes. (a) and (c): Left side of the anode. (b) and (d): Right side of the anode.
media.13,14 The higher reacting eﬃciency in the anode
will cost much more residence time. The inlet veloc-
ity will be controlled at a certain ﬂow rate to obtain
the maximum power density. Therefore the Reynolds
number for ﬂow velocity is a signiﬁcant parameter. The
MFC can be optimized if we can design a porous anode
according to the appropriate Darcy number and select
a ﬁxed ﬂow rate according to the appropriate Reynolds
number.
Figure 5 shows the comparison of velocity distri-
bution for diﬀerent Da values at both sides of porous
anode with the diﬀerent electrode spacing. Obviously,
the velocity proﬁle changes signiﬁcantly at higher Darcy
number due to the lower ﬂow resistance, and the veloc-
ity proﬁle skews toward the top wall. At lower Darcy
number, the velocity is almost symmetric and ﬂat due
to the higher ﬂow resistance. At higher Darcy number
Da = 10−2, the velocity proﬁle is sensitive to the spac-
ing, i.e., the velocity proﬁles alter greatly at spacing
x = 1 cm. At lower Darcy number Da = 10−4–10−3,
the velocity proﬁle is insensitive to the spacing, and they
are almost unchanged with varied spacing x = 1–3 cm.
When the Darcy number is too small, there is little ob-
servable eﬀects of the electrode spacing. The ﬂow would
be plugged due to the smaller pore sizes of the anode
materials. The power output would not be improved
obviously by altering the electrode spacing. The eﬀect
of Darcy number must be considered in explaining the
continuous-ﬂow systems.
Figure 6 presents the comparison of velocity distri-
bution for diﬀerent Re values at both sides of porous
anode with the electrode spacing x = 1 cm. It is shown
that with the lower Re values, the velocities are al-
most unchanged along the porous anode side. With
the higher Re values, the velocities are changed signif-
icantly at the top of the porous anode side (Figs. 6(a),
6(b) and 6(c)) and are almost symmetric in Fig. 6(d).
The decomposed reaction in the anode is eﬃcient with
the lower velocity. Consequently, we can choose the ap-
propriate Reynolds number to get a high power output.
The wastewater ﬂow through the anode toward the
cathode in MFC is simulated by the lattice Boltzmann
method. The simulation results lead to the following
conclusions:
(1) The performance of MFCs is related to the spac-
ing between cathode and porous anode. The maximum
power density is increased when the spacing is decreased
from 3 to 1 cm under conditions of advective ﬂow.
(2) The eﬀect of Darcy number on the performance
of MFCs must be considered when power output is im-
proved by decreasing the electrode spacing. The MFCs
can be optimized by selecting an appropriate Darcy
number of the porous anode.
(3) When the electrode spacing is ﬁxed at 1 cm, the
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Fig. 6. Comparison of velocity distribution for diﬀerent Re values at both sides of porous anode for the spacing between
electrodes x = 1 cm. (a) and (c): Left side of the anode. (b) and (d): Right side of the anode.
velocity proﬁle can also be inﬂuenced by the Reynolds
number. Therefore, the signiﬁcant parameter Reynolds
number for inlet velocity can be controlled at a certain
ﬂow rate to get the maximum power density.
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